Interleukin-2 (IL-2) is a cytokine critical for the proper stimulation of T-cells during the mammalian immune response. Shortly after T-cell stimulation, transcription of the IL-2 gene is upregulated. Here, we studied the kinetic mechanism of basal transcription at the IL-2 promoter using a human in vitro RNA polymerase II transcription system. We experimentally divided the transcription reaction into discrete steps, including preinitiation complex formation, initiation, escape commitment, and promoter escape. Using pre-steady state approaches, we measured the rate at which each of these steps occurs. We found that the rate of functional preinitiation complex formation limits the overall rate of transcription at the IL-2 promoter under the conditions described here. Furthermore, we found that the recruitment of TFIIF and RNA polymerase II to a TFIID/TFIIA/TFIIB/promoter complex dictates the rate of preinitiation complex formation. The rate of synthesis of 28 nt RNA from preinitiation complexes was rapid compared to the rate of preinitiation complex formation. Moreover, we found that the synthesis of a four nucleotide RNA was necessary and suf®cient to rapidly complete the escape commitment step of transcription at the IL-2 promoter. Comparative experiments with the adenovirus major late promoter revealed that, while the overall mechanism of transcription is the same at the two promoters, promoter sequence and/or architecture dictate the rate of promoter escape. We present a kinetic model for a single round of basal transcription at the IL-2 promoter that provides insight into mechanisms by which the IL-2 gene is transcriptionally regulated.
Introduction
The cytokine interleukin-2 (IL-2) is a key signaling molecule in controlling the mammalian immune response to infection (reviewed by Abbas et al. ). Proper regulation of IL-2 expression is critical for clonal proliferation and differentiation of Tlymphocytes after stimulation with foreign antigen. Upon T-cell stimulation, an elaborate cascade of differential gene expression begins. One of the earliest gene products detected is the cytokine IL-2, which is secreted from T-cells within 45 minutes after stimulation. 2 It is now well understood that the regulation of IL-2 expression is controlled primarily at the levels of transcription and mRNA stability.
3 ± 6 IL-2 transcriptional regulation is the end result of signal transduction pathways that trigger the activation and nuclear localization of transcriptional activators that bind to the IL-2 promoter regulatory region (as reviewed by Jain et al.
events controlling the IL-2 transcriptional activators are well understood; however, the mechanisms that regulate transcription at the IL-2 promoter have yet to be described. One approach to understanding how IL-2 transcription is regulated is to measure rate constants for discrete steps in the basal (unregulated) transcription reaction at the IL-2 promoter. It can then be determined how transcriptional activators in¯uence these rates. This in vitro approach to studying transcription at a natural mammalian promoter will provide critical insight into how IL-2 gene expression is regulated.
The IL-2 gene is transcribed by RNA polymerase II. The core polymerase enzyme can synthesize RNA from a DNA template, but requires additional general transcription factors (GTFs, including TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH) for promoter-speci®c initiation of transcription (as reviewed by Orphanides et al. 10 ). In addition to these general transcription factors, many studies have shown that other coactivator complexes and chromatin remodeling factors are critical to gene regulation. 11 ± 13 Even in the context of chromatin, the GTFs and RNA polymerase II must assemble at the promoter to form preinitiation complexes before transcription can initiate. In vitro studies have revealed that the TFIID complex, consisting of the TATA-binding protein (TBP) and associated factors (referred to as TAFs), is responsible for recognizing core promoter elements, and is aided by TFIIA. 14 ± 19 In one model, the remaining general transcription factors and RNA polymerase II then sequentially assemble on promoter-bound TFIID/TFIIA in the following order: TFIIB, TFIIF/RNA polymerase II, TFIIE, and TFIIH. 20 ± 22 Alternatively, it has been proposed that TFIID and TFIIA bound to promoter DNA can recruit RNA polymerase II and the remaining general transcription factors as a single entity (see Carey 23 and references therein). Once preinitiation complexes form, the DNA around the transcriptional start site is melted in a reaction that can be facilitated by the helicase activity of TFIIH. 24 In the presence of nucleoside triphosphates, preinitiation complexes initiate phosphodiester bond synthesis and the polymerase proceeds through a series of early steps before the RNA elongates and ultimately transcription terminates. These early transcription steps minimally include initiation, escape commitment, and promoter escape. 25 Initiation encompasses synthesis of the ®rst and second phosphodiester bonds. Escape commitment is a unique step that occurs during synthesis of the third phosphodiester bond and results in the formation of stable ternary complexes. 25, 26 Promoter escape is a transition that occurs during early phosphodiester bond synthesis as escape committed complexes transform into elongation complexes. Each of these steps in the transcription reaction has the potential to limit the rate of RNA synthesis, and it is likely that different steps limit the rate of transcription at different promoters.
In previous studies of a well-characterized viral promoter (the adenovirus major late promoter, AdMLP), we measured the rates of the aforementioned steps in the RNA polymerase II reaction. 25, 27 We found that promoter escape limits the forward rate of a single round of transcription at the AdMLP (k PE 2 Â 10 À3 s
À1
) and occurs during synthesis of the fourth through 14th phosphodiester bonds. All steps prior to promoter escape were found to be rapid (complete within ten seconds). These studies were performed in a minimal in vitro transcription system consisting of only TBP, TFIIB, TFIIF, and RNA polymerase II. This was possible because not all of the general transcription factors are required under some in vitro conditions. 28 ± 33 Studies of the AdMLP in reconstituted transcription systems have revealed much about the intrinsic mechanism of the RNA polymerase II reaction; however, few mechanistic studies of natural human promoters have been performed.
Here, we used a reconstituted RNA polymerase II transcription system to characterize the kinetics of basal transcription at the human IL-2 promoter. Using pre-steady state approaches, we experimentally isolated and measured the rates of preinitiation complex formation, escape commitment, and promoter escape. Our results reveal that recruitment of TFIIF and RNA polymerase II to the IL-2 promoter limits the overall rate of IL-2 transcription in vitro, and that the early steps of RNA synthesis are relatively rapid under the conditions tested here. Notably, we found that the overall mechanism of transcription at the IL-2 promoter is the same as that previously characterized on the AdMLP, but the rate of promoter escape is dramatically different at the two promoters. We present a kinetic model for a single round of basal transcription at the IL-2 promoter that provides insight into the regulation of transcription of the IL-2 gene.
Results
To determine the kinetic parameters of individual steps in transcription at the human IL-2 promoter, we utilized a transcription system consisting of puri®ed recombinant (TFIIA, TFIIB, TFIIE and TFIIF) and native (TFIID, TFIIH, and RNA polymerase II) human transcription factors. The schematic of the IL-2 promoter shown in Figure 1 (a) indicates both the sequence of the template strand from 1 to 28 and the sequence of the RNA transcript (complementary to the template strand) above the promoter. The ®rst guanosine base in the IL-2 RNA is at position 28. In most experiments we took advantage of this and performed in vitro transcription assays in the absence of GTP and the presence of 3
H -O-methyguanosine triphosphate (3 H -Me-GTP) to permanently pause transcription after incorporation of the 28th nucleotide in the RNA. Doing so provided two experimental advantages: a short RNA product of de®ned length could be monitored, and early events in transcript synthesis could be separated from later ones, such as transcript elongation, pausing, and termination.
In order to study discrete steps in the transcription reaction, competitor DNA was added to the in vitro experiments to both limit transcription to a single round of synthesis and to divide the reaction into distinct steps. Poly(dI-dC), used as a nonspeci®c competitor, sequesters free transcription factors and RNA polymerase II to prevent them from binding the promoter and reinitiating rounds of transcription beyond the ®rst. 26, 27, 34 The utility of poly(dI-dC) is demonstrated in Figure 1 (b) and (c), in which it was added to transcription assays at two different points. At point 1, poly(dI-dC) was added with the IL-2 promoter DNA (designated as P) as a control to ensure that the competitor could sequester the general transcription factors and RNA polymerase II. As expected, when poly(dIdC) was titrated into assays at point 1, the amount of RNA produced was below detection (Figure 1(c) , compare lanes 2-4 to lane 1, note the quanti®cation above the lanes). Alternatively, when poly(dI-dC) was titrated into assays at point 2, after preinitiation complexes were assembled at the IL-2 promoter, the level of RNA produced approximated that observed in the absence of poly(dI-dC) (Figure 1(c) , compare lanes 6-8 to lane 5). This indicates that fewer than two rounds of transcription occurred under these conditions. In addition to ensuring single-round transcription, the addition of poly(dIdC) also divided the reaction into two steps, as indicated in Figure 1 (b): preinitiation complex formation (encompassing all events prior to the addition of the competitor) and transcript synthesis (encompassing all events after the addition of the competitor).
Preinitiation complexes form slowly at the IL-2 promoter
To begin to investigate the kinetics of transcription at the IL-2 promoter, we ®rst measured the rate of stable preinitiation complex formation using the method diagrammed in Figure 2 (a). RNA polymerase II and the general transcription factors were preincubated for two minutes in the absence of the IL-2 promoter. Preinitiation complex formation was initiated by adding promoter DNA to the transcription factors. Nucleotides and poly(dIdC) were then added at various time-points to allow preinitiation complexes that formed to pro-
(b)
PIC + NTPs R + P R E •(28nt RNA) (c) Poly(dI-dC) sequesters the transcription machinery and limits transcription to a single round. Poly(dI-dC) was titrated into transcription assays at points 1 and 2 (see (b)). The DNA template used was pBS-IL-2-G-less. The 424 nt RNA product was resolved by denaturing PAGE (6 % polyacrylamide) and quanti®ed by PhosphorImagery. The amounts of product in lanes 2-4 and 6-8 were normalized by the amount of product in lanes 1 and 5, respectively.
Kinetics of Transcription at the IL-2 Promoter duce a transcript and to prevent the formation of additional preinitiation complexes. Doing so provided a snapshot of the fraction of preinitiation complexes that formed at each time-point. As can be seen from the data in Figure 2 (b) and the plot in Figure 2 (c), preinitiation complexes formed slowly, as re¯ected by the gradual increase in the amount of RNA product over time. An observed rate constant of 2.6(AE1.3) Â 10 À3 s À1 was calculated from three independent experiments. Clearly, preinitiation complex formation is a multifaceted process and it is unknown what reaction order (i.e. second or higher order) best represents this stage of the transcription reaction. Here, we have determined the rate of preinitiation complex formation under one set of experimental conditions and present an observed rate constant in units of s À1 . Although this approach does not allow us to determine the absolute rate constant for preinitiation complex formation (which will depend on the concentration of transcription factors), it does allow us to determine which step(s) in the transcription reaction are ratelimiting at the IL-2 promoter under our standard transcription conditions.
A TFIID/TFIIA/promoter complex recruits RNA polymerase II and the remaining transcription factors slowly
It is clear from the data in Figure 2 that preinitiation complexes form slowly over the course of several minutes. One model for the mechanism by which preinitiation complexes assemble ( Figure 3(a) ) is that TFIID (D), with the aid of TFIIA (A), binds the promoter (P) and subsequently recruits the remaining general transcription factors (BFEH) and RNA polymerase II (R c ).
To measure this rate of recruitment, we performed the experiment diagrammed in Figure 3 (a). This method is similar to the method described for measuring preinitiation complex formation with one key exception: TFIID and TFIIA were prebound to the IL-2 promoter prior to adding the remaining transcription factors and RNA polymerase II. Nucleotides and poly(dI-dC) were then added at various time-points and transcription was stopped 20 minutes later. Using this method, the rate measured was that for recruitment of the remaining factors after TFIID and TFIIA bound the promoter. As shown by the data in Figure 3 (b) and the plot in Figure 3 (c), functional preinitiation complexes assembled on pre-bound TFIID/TFIIA slowly, with an observed rate constant of 2.9(AE0.4) Â 10 À3 s À1 (average of three independent measurements). Again, we present this as an observed rate constant for the reasons discussed in the previous section. The rate for recruitment of the general transcription factors is equal (within error) to the rate measured for the entirety of preinitiation complex formation. This indicates that the recruitment of TFIIB, TFIIE, TFIIF, TFIIH, and/or RNA polymerase II to a TFIID/TFIIA/promoter complex limits the overall rate of functional preinitiation complex formation under our standard conditions.
Recruitment of TFIIF and RNA polymerase II to the promoter dictates the slow rate of preinitiation complex formation To further dissect preinitiation complex formation, we asked whether the binding of TFIIE and TFIIH contributed signi®cantly to the slow rate of recruitment reported above. In a model for ordered assembly, these two factors enter preinitiation complexes after the polymerase. 21 To monitor the rate of TFIIE and TFIIH entry, we performed the experiment diagrammed in Figure 4 (a), in which preinitiation complexes lacking TFIIE and TFIIH were assembled on the promoter DNA (results are shown in Figure 4 (b)). As expected for promoters contained on linear DNA, preinitiation complexes lacking TFIIE and TFIIH did not produce a transcript (lane 1). 30 ± 33 In contrast, transcription was observed when TFIIE and TFIIH were present during preinitiation complex formation (lane 2). As a control, when poly(dI-dC) was added to assays immediately before TFIIE and TFIIH, the competitor blocked their entry into preinitiation complexes and no transcript was observed (lane 3). To determine whether TFIIE and TFIIH could enter preinitiation complexes quickly, they were added one minute prior to the addition of the nucleotides and poly(dI-dC). As shown in lane 4, they completely assembled into preinitiation complexes within one minute. Because TFIIE and TFIIH assembled into preinitiation complexes so quickly, we conclude that their entry does not limit the rate of recruitment. Therefore, the entry of TFIIB, TFIIF, and/or RNA polymerase II must limit the rate of formation of functional preinitiation complexes.
We next determined the rate at which TFIIF and RNA polymerase II are recruited to a pre-formed TFIID/TFIIA/TFIIB/promoter complex, as diagrammed in Figure 4 (c). TFIID, TFIIA, and TFIIB were prebound to the IL-2 promoter prior to adding the remaining transcription factors and RNA polymerase II. Nucleotides and poly(dI-dC) were then added at various time-points and transcription was stopped 20 minutes later. Because we determined that TFIIE and TFIIH enter preinitiation complexes rapidly, this method monitors the rate at which TFIIF and RNA polymerase II are recruited into functional preinitiation complexes. As shown in Figure 4 (d) (top panel), functional preinitiation complexes assembled on pre-bound TFIID/TFIIA/TFIIB slowly, with a rate similar to that observed for preinitiation complex assembly as a whole. This indicates that the entry of TFIIF and RNA polymerase II is rate-limiting for the formation of functional preinitiation complexes at the IL-2 promoter under our standard transcription conditions. To determine if the rate of recruitment of TFIIF and RNA polymerase II depends on the concentration of these factors, we increased the amount of TFIIF and RNA polymerase II ®vefold and measured the rate at which they were recruited to a TFIID/TFIIA/TFIIB/promoter complex. As shown in the bottom panel of Figure 4 (d), the rate increased as the concentration of TFIIF and RNA polymerase II increased, with an observed rate constant of 0.010(AE0.003) s
À1
. This is 3.5-fold greater than the rate of recruitment we measured under our standard conditions. À3 s À1 (average of three independent experiments where the error is one standard deviation).
Kinetics of Transcription at the IL-2 Promoter
The rate of transcript synthesis is faster than the rate of preinitiation complex formation We next measured the rate at which 28 nt IL-2 RNA is synthesized in a single round of transcription from preinitiation complexes. As shown in the schematic in Figure 5 (a), preinitiation complexes were given 60 minutes to form, after which point nucleotides and poly(dI-dC) were added and transcription was stopped at various time-points. The plot in Figure 5 (b) shows that transcript synthesis occurred with a rate constant of 0.045(AE0.019) s À1 (derived from three independent measurements). This is approximately 17-fold faster than the rate of preinitiation complex formation. Under these conditions, transcript synthesis encompassed all steps during synthesis of the ®rst 27 phosphodiester bonds. Numerous steps in the RNA polymerase II reaction occur within this window, and the subsequent experiments investigate some of these steps.
Escape commitment is a distinct, rapid step at the IL-2 promoter One step encompassed by transcript synthesis is escape commitment. We previously characterized escape commitment as a distinct step in early transcription at the AdMLP that results in stable ternary complexes, which are committed to proceeding forward through promoter escape and the remainder of the transcription reaction. 25 As illustrated in Figure 6 (a), escape committed complexes (RP EC ) form after preinitiation complexes are provided with nucleotides. Escape commitment can be monitored experimentally, because an oligonucleotide consisting of 20 guanosine bases (rG-oligo) inhibits escape commitment if it is added to assays prior to the nucleotides (i.e. before escape commitment occurs). In contrast, once escape commitment is complete, ternary complexes are stable and the rGoligo has no effect on the remainder of the transcription reaction. A detailed characterization of the rG-oligo and the mechanism by which it inhi- bits escape commitment is discussed elsewhere. 26 Here, we have taken advantage of the rG-oligo to measure both the rate and the position at which escape commitment occurs at the IL-2 promoter.
To determine the rate at which escape commitment occurs, the experiment illustrated by Figure 6 was performed. The rG-oligo was added at multiple time-points either before or after the addition of nucleotides to determine the rate at which preinitiation complexes become resistant to the inhibitor. When the rG-oligo was added to assays prior to the nucleotides, escape commitment was inhibited (lanes 2-4). Within ten seconds after the addition of nucleotides, complexes were resistant to the addition of the rG-oligo and the level of transcription was similar to that observed in the absence of the inhibitor (compare lanes 5-9 to lane 1). This indicates that escape commitment is complete within ten seconds on the IL-2 promoter, which allows us to put a lower limit on the rate constant for escape commitment, k EC > 0.1 s À1 .
Escape commitment at the IL-2 promoter is complete upon synthesis of a 4 nt RNA After determining that escape commitment occurs rapidly, we investigated the point at which escape commitment is complete at the IL-2 promoter. We previously showed on the AdMLP that a 3 nt RNA is not suf®cient for escape commitment to occur, but a 4 nt RNA is suf®cient. 25, 26 We predicted this would be the case on the IL-2 promoter as well. To ask whether a 3 nt RNA was suf®cient for escape commitment to occur, we performed the . Escape commitment at the IL-2 promoter occurs within ten seconds after adding nucleotides to preinitiation complexes. (a) Model illustrating escape commitment. When nucleotides are added to preinitiation complexes (PIC), RNA polymerase II undergoes a transition termed escape commitment. Escape commitment is blocked by an inhibitory oligonucleotide consisting of 20 guanosine bases (rG-oligo). Escape committed ternary complexes (RP EC ) and all subsequent complexes are resistant to the rG-oligo. (b) Escape commitment at the IL-2 promoter is complete within ten seconds. The schematic depicts the method used to measure the rate of escape commitment. RNA polymerase II and the general transcription factors were incubated for two minutes at 30 C prior to adding IL-2 promoter DNA. Preinitiation complexes formed for 60 minutes. Nucleotides and poly(dI-dC) were added and transcript synthesis proceeded for 20 minutes. The rG-oligo was added at time-points throughout the reaction as indicated above the gel. The 28 nt RNA product is shown.
experiment shown in Figure 7(a) . Transcription was initiated with UTP and ATP, which allowed only a 3 nt RNA to be produced (refer to the IL-2 promoter sequence in Figure 1(a 
)). CTP, 3
H -Me-GTP, and poly(dI-dC) were then added to lengthen the 3 nt RNA into full-length 28 nt RNA. The rGoligo was added to experiments either one minute before or one minute after the initiating nucleotides to determine if they were suf®cient for escape commitment to occur. Lane 1 shows the amount of RNA produced in the absence of the rG-oligo. As shown in lanes 2 and 3, the rG-oligo inhibited escape commitment both when it was added before or after synthesis of a 3 nt RNA, respectively. Lanes 4-6 depict a control experiment in which transcription was initiated with a complete set of nucleotides (ATP, UTP, CTP, 3
H -Me-GTP, and poly(dI-dC)). Under these control conditions, escape commitment was inhibited only when the rG-oligo was added before the nucleotides (lane 5). When the inhibitor was added one minute after the nucleotides (lane 6) the level of transcript was equal to that observed in the absence of inhibitor (lane 4). Therefore, escape committed complexes form at some point after synthesis of a 3 nt RNA.
To test whether escape commitment was complete after synthesis of a 4 nt RNA, we split the addition of nucleotides into two steps, as indicated in Figure 7 (b). The ®rst set of nucleotides included UTP, CTP, and the dinucleotide UpA to initiate transcription. These were suf®cient to produce a 4 nt RNA at the IL-2 promoter, but nothing longer (refer back to the promoter sequence in Figure 1(a) ). The second set of nucleotides included ATP and 3
HMe-GTP to allow the 4 nt RNA to elongate into full-length 28 nt RNA. The rG-oligo was added with either set of nucleotides to determine whether a 4 nt RNA was suf®cient for escape commitment to occur. As expected, when the rG-oligo was added to assays before production of a 4 nt RNA, escape commitment was inhibited and a low level of transcript was observed (Figure 7(b), bar 1) . In contrast, when the rG-oligo was added after a 4 nt RNA was synthesized, a high level of transcript was observed, indicating that escape commitment was already complete (Figure 7(b), bar 2) . As a control, transcription was also initiated with UpA and UTP, which produced a 3 nt RNA. The remaining set of nucleotides then included CTP, ATP, and 3
H -Me-GTP to allow the 3 nt RNA to elongate to the full-length RNA. The rG-oligo was added with either the initiating or the remaining set of nucleotides. As expected, a 3 nt RNA was not suf®cient for escape commitment to occur, as a low level of transcript was observed irrespective of where the rG-oligo was added (Figure 7(b) , bars 3 and 4). We conclude that escape commitment is complete after synthesis of a 4 nt RNA at the IL-2 promoter.
Because escape commitment was complete within ten seconds after the addition of nucleotides, we presumed that subsequent RNA synthesis steps would limit the rate of production of the 28 Transcription experiments were initiated with sets of nucleotides suf®cient to produce either a 3 nt or 28 nt RNA. The rG-oligo was added to assays either one minute before or one minute after the addition of initiating nucleotides. Nucleotides suf®cient to produce a 28 nt RNA were subsequently added to assays shown in lanes 1-3. The 28 nt RNA product is shown. (b) Escape commitment is complete after synthesis of a 4 nt RNA. Initiating nucleotides consisting of UpA, UTP, and CTP or UpA and UTP were incubated with IL-2 preinitiation complexes for two minutes to allow the formation of a 4 nt or a 3 nt RNA product, respectively (refer to Figure 1(a) for the sequence of the IL-2 promoter). The subsequent addition of either ATP, or CTP and ATP, with 3
H -Me-GTP allowed 28 nt RNA to be formed. The rG-oligo was added to reactions at the two points indicated. dATP (5 mM) was added with the initiating set of nucleotides. The 28 nt RNA product was quanti®ed. nt IL-2 RNA. Therefore, we measured the rate of RNA synthesis after escape commitment was complete. We found that a 4 nt RNA lengthened to a 28 nt RNA with a rate constant of 0.025(AE0.002) s À1 (data not shown). This rate approximates the rate measured for the synthesis of 28 nt RNA from preinitiation complexes ( Figure 5(b) , 0.045(AE0.019) s
À1
). Thus a post-escape commitment step dictates the overall rate of synthesis of a 28 nt RNA at the IL-2 promoter under the conditions used here.
The promoter DNA dictates the rate of transcript synthesis at the IL-2 promoter and at the AdMLP
We have shown that the rate-limiting step at the IL-2 promoter under the conditions tested here is preinitiation complex formation (dictated by the recruitment of TFIIF and RNA polymerase II), while the rate of RNA synthesis is rapid in comparison. In contrast to the IL-2 promoter, we previously found that preinitiation complex formation on the AdMLP was extremely rapid, and that RNA synthesis (namely promoter escape) was rate-limiting. 27 Several possible reasons for the difference in the rates of both preinitiation complex formation and RNA synthesis at the two promoters exist. In addition to the sequences of the promoters, two signi®cant experimental conditions differed between the earlier studies with the AdMLP and those with the IL-2 promoter presented here. Namely, the former study utilized (1) a minimal transcription system consisting only of TBP, TFIIB, TFIIF, and RNA polymerase II and (2) the AdMLP was contained on a negatively supercoiled template. To begin to address the differences between the two promoters, we measured rates of preinitiation complex formation and RNA synthesis at the AdMLP in the more complex transcription system described here. In these experiments the AdMLP was still contained on a negatively supercoiled template. Figure 8 (a) illustrates the method used to measure the rate of preinitiation complex formation at the AdMLP; it is the same method described for the IL-2 promoter in Figure 2 . As shown by the plot in Figure 8(b) , preinitiation complexes formed slowly with an observed rate constant of 1.5(AE0.2) Â 10 À3 s
. This is similar to the rate of preinitiation complex formation we observed on the IL-2 promoter (2.6(AE1.3) Â 10 À3 s À1 ), indicating that the promoter itself has little to do with the rate at which preinitiation complexes form. In contrast, we previously found that preinitiation complex formation at the AdMLP in a minimal transcription system (only TBP, TFIIB, TFIIF, and RNA polymerase II) was complete within ten seconds. 27 Therefore, the slower rate for preinitiation complex formation at the AdMLP determined here must be due to the presence of TAFs, TFIIA, TFIIE, or TFIIH.
We next measured the rate of RNA synthesis at the AdMLP in the complex transcription system using the method depicted in Figure 8(c) . As shown from the plot in Figure 8(d) , RNA synthesis from the AdMLP under these conditions was slow, with a rate constant of 4.5(AE2.5) Â 10 À3 s À1 . The rate of transcript synthesis we measured previously on the AdMLP promoter in the minimal transcription system (1.9(AE0.4) Â 10 À3 s À1 ) 27 is quite similar to that determined here. In contrast, the rate constant for RNA synthesis at the IL-2 promoter (4.5(AE1.9) Â 10 À2 s À1 , Figure 5 ) is tenfold greater than at the AdMLP under any conditions. This indicates that the presence of TAFs, TFIIA, TFIIE, or TFIIH do not affect the rate of promoter escape at the AdMLP, but rather the difference between the two promoters is likely due to the promoter sequence itself or the helical state of the DNA.
Discussion
Here, we studied the kinetics of the RNA polymerase II transcription reaction at the human IL-2 promoter in vitro. We divided the transcription reaction into multiple experimentally distinguishable steps and measured the rate of each step. We found that preinitiation complex formation limits the rate of a single round of IL-2 transcription in vitro; more speci®cally, the recruitment of TFIIF and RNA polymerase II is the slow step. In contrast, the rates of steps during RNA synthesis were relatively rapid. Our results provide a kinetic pro®le for a single round of transcription at the IL-2 promoter, as depicted in Figure 9 . We discuss each step below and relate our ®ndings to kinetic studies on the AdMLP, as well as to other studies of the RNA polymerase II reaction.
To form preinitiation complexes (PIC), the general transcription factors and core RNA polymerase II (R c ) assemble on the promoter DNA (P). We found that the rate of preinitiation complex formation limits the overall rate of a single round of transcription under the conditions tested here. We ®rst divided preinitiation complex formation into two steps: binding of TFIID/TFIIA (DA) to the promoter and recruitment of the remaining factors (BEFHR c ). The rate we measured for recruitment of factors to a TFIID/TFIIA/promoter complex (2.9(AE0.4) Â 10 À3 s À1 ) was equal (within error) to the rate we measured for preinitiation complex formation as a whole (2.6(AE1.3) Â 10 À3 s À1 ). We also found that this rate was unaffected by pre-forming a TFIID/TFIIA/TFIIB complex on the promoter. Furthermore, we found that TFIIE and TFIIH were rapidly recruited into preinitiation complexes formed in their absence. Taken together, these results demonstrate that the binding of TFIIF and RNA polymerase II limits the rate of preinitiation complex formation under the experimental conditions tested here. Moreover, we found that the rate of recruitment of TFIIF and RNA polymerase II increased as the concentration of the two factors was increased. This indicates that at very high concentrations of transcription factors, the rate of RNA synthesis, rather than recruitment of TFIIF and RNA polymerase II, will limit the rate of transcription at the IL-2 promoter.
Other studies have suggested mechanisms by which preinitiation complex formation can limit the rate of transcription. Pugh and colleagues have found that the dimerization of TFIID (and TBP) can affect the rate of preinitiation complex formation. Moreover, TFIIA can cause the dissociation of TFIID dimers, thereby facilitating TFIID binding to TATA boxes. 35, 36 Our observation that recruitment of TFIIF and RNA polymerase II is the slow step at the IL-2 promoter indicates that the dissociation of TFIID dimers is not likely to be limiting the rate of IL-2 transcription under the conditions investigated here. Sundseth & Hansen found that the rate of recruitment of TFIID and TFIIB can limit the rate of transcription at the SV40 and AdMLP promoters. 37 We found that on the IL-2 promoter, the recruitment of TFIIB does not limit the rate of transcription. Chiang and colleagues have found that the TAF subunits of TFIID affect the rate-limiting step during preinitiation complex assembly. 38 We have found that when TFIID is replaced with the single subunit TBP, the rates of preinitiation complex formation and recruitment on the IL-2 promoter do not change signi®cantly (data not shown). Other studies have found that core promoter sequences can dramatically affect rates of preinitiation complex formation and transcription in vitro. 39 ± 44 Despite this, we found that the rates of preinitiation complex formation on the AdMLP and the IL-2 promoters, when measured in the same in vitro transcription system, are similar. Future experiments will address exactly which factors and/or promoter characteristics affect the rate of preinitiation complex formation at these two promoters. C prior to adding AdMLP DNA (negatively supercoiled plasmid DNA containing the AdMLP core promoter (À53 to 10) fused to a 380-bp G-less cassette). Nucleotides and poly(dI-dC) were added at various times (t) and transcription was stopped 20 minutes later. (b) The rate of preinitiation complex formation at the AdMLP is slow. Reactions were performed as described above, 390 nt RNA was quantitated by PhosphorImagery, and data were ®t to a single exponential. The observed rate constant was 1.5(AE0.2) Â 10 À3 s
À1
. (c) Method used to monitor the rate of RNA synthesis at the AdMLP. RNA polymerase II and the general transcription factors were incubated for two minutes at 30 C prior to adding AdMLP DNA. Preinitiation complexes formed for 60 minutes. Nucleotides and poly(dI-dC) were added and reactions were stopped at various times. (d) The rate of RNA synthesis at the AdMLP is slow. Reactions were performed as described above, 390 nt RNA was quanti®ed by PhosphorImagery, and data were ®t to a single exponential. The observed rate constant was 4.5(AE2.5) Â 10 À3 s
.
As depicted in the model for transcription at the IL-2 promoter (Figure 9 ), when preinitiation complexes are provided with nucleotides, escape committed complexes (RP EC Á(4nt RNA)) form upon synthesis of a 4 nt RNA. Escape commitment occurred within seconds after providing nucleotides to preinitiation complexes, thus we put a lower limit on the rate constant (k EC > 0.1 s À1 ). The characteristics of escape commitment observed on the IL-2 promoter are identical with those observed on the AdMLP where escape commitment was ®rst characterized. 25, 26 At both promoters, escape commitment was inhibited by the rG-oligo, was complete after synthesis of a 4 nt RNA, and occurred within ten seconds. A complete discussion of the mechanism of escape commitment and how it relates to other studies of early transcription is provided elsewhere (see Kugel & Goodrich 25, 26 and references therein). Here, we also demonstrated that synthesis of a 3 nt RNA was not suf®cient for escape commitment to occur. This distinguishes escape commitment from initiation in which 2 nt and 3 nt RNAs are produced. In the model, initiated complexes are designated as RP I Á(3nt RNA). Because escape commitment was compete within ten seconds, initiation must also occur within ten seconds. We infer then that the rate constant for initiation (k I ) is greater than 0.1 s
. At the AdMLP, initiated ternary complexes are unstable based on the observation that 2 nt and 3 nt RNAs are abortively produced and released. 45, 46 The abortive production of short RNAs remains to be investigated on the IL-2 promoter.
In our experiments with the IL-2 promoter we found that post-escape commitment steps limited the rate of 28 nt RNA synthesis from preinitiation complexes. These steps include promoter escape and perhaps early elongation events, and end with the 28 nt RNA transcript as part of a ternary elongation complex designated as R E Á(28nt RNA). Although we do not know the exact point at which promoter escape is complete at the IL-2 promoter, for simplicity we designated the post-escape commitment steps as promoter escape. We measured a rate constant for this step of 2.5(AE0.2) Â 10 À2 s À1 . The rate of promoter escape we previously measured on the AdMLP promoter in a minimal transcription system (2.0(AE0.4) Â 10 À3 s
) 25 is signi®cantly slower than that observed at the IL-2 promoter. We began to address this difference by measuring the rate of promoter escape at the AdMLP in the more complex transcription system used here. We found it to be similar to the rate we measured initially in the minimal system. Thus, the difference in the rates of promoter escape at the two different promoters is likely due to the nature of the promoter DNA, be it the sequence or the helical state. We believe both factors might contribute to setting the rate of promoter escape (data not shown).
With a kinetic outline for basal transcription at the IL-2 promoter in place, we are now poised to ask how the transcriptional activators that act at the IL-2 promoter affect the rates of individual steps in IL-2 transcription. It is possible that the multiple activators that bind the IL-2 promoter could simultaneously stimulate the rates of more than one step in IL-2 transcription. For example, at the IL-2 promoter activators could enhance the rate of recruitment of TFIIF and RNA polymerase II as well as the rate of promoter escape. Studies of other promoters utilizing nuclear extracts found that activators can affect the rate and extent of preinitiation complex formation as well as steps in early transcript synthesis. 37,47 ± 60 Previous studies have also found that promoter sequence and transcriptional activators can affect the reinitiation of transcription. 40,61 ± 63 In addition, studies have found that transcription can pause during early RNA synthesis and that activators can affect pausing. 64 ± 66 It is possible that activators will need to be continuously present to maintain the high levels of multiple round IL-2 transcription that must occur after T-cells are activated.
Materials and Methods

Preparation of transcription templates, transcription factors, and other reagents
Plasmid pBS-IL-2-Luc was created by subcloning an XhoI-EcoRI fragment containing the IL-2 promoter (À326 to 45), ®re¯y luciferase gene, and SV40 polyadenylation signal from plasmid pXIL-2-Luc (a gift from T. Hoey, Tularik, Inc.
67
) into the XhoI and EcoRI sites of pBluescript-KS(). Plasmid pBS-IL-2-G-less contains that IL-2 promoter upstream of a 424 bp G-less cassette. This plasmid was generated by simultaneous ligation of two DNA fragments into the EcoRI and ClaI sites of pBluescript-KS(). One of the DNA fragments contained a 382 bp G-less cassette and was generated by PCR using pBS-MLP-G-less as a template, followed by digestion of the PCR product with PacI and EcoRI. The second frag- Figure 9 . Model depicting the steps in the RNA polymerase II transcription reaction at the IL-2 promoter. See Discussion for a detailed description of the model. Abbreviations are as follows: D, TFIID; A, TFIIA; P, IL-2 promoter; B, TFIIB; F, TFIIF; R c , core RNA polymerase II; E, TFIIE; H, TFIIH; PIC, preinitiation complex; RP I Á (3nt RNA), initiated complex containing 3 nt RNA; RP EC Á(4nt RNA), escape committed complex containing 4 nt RNA; R E Á(28nt RNA), elongation complex containing 28 nt RNA. ment contained the IL-2 promoter (À326 to 42) with a point mutation that changed the guanosine base at position 28 of the non-template strand to adenosine. This fragment was generated by PCR using plasmid pBS-IL-2-Luc as a template, followed by digestion of the PCR product with ClaI and PacI. The region of the resulting plasmid containing the two inserts was sequenced. Plasmid pBS-IL-2 was created by subcloning the SalI-HindIII fragment containing the IL-2 promoter (À326 to 45) into the SalI and HindIII sites of pBluescript-KS(). The blunt-ended DNA fragment containing the IL-2 promoter used in in vitro transcription studies was prepared by digesting pBS-IL-2 with HincII and EcoRV. After digestion, the DNA fragment was resolved on a 1 % (w/v) agarose gel. The region of the gel containing the DNA fragment was excised (in the absence of ethidium bromide staining), crushed, and soaked in TE buffer (10 mM Tris (pH 7.9), 1 mM EDTA) for 30 minutes at 4 C. Eluted DNA was separated from agarose by ®ltration. The elution procedure was repeated twice, samples were combined, and DNA fragment was ethanol-precipitated.
Recombinant (TFIIB, TFIIE, and TFIIF) and native (TFIIH and RNA polymerase II) human transcription factors were prepared as described (see Kugel & Goodrich, 27 and references therein). Recombinant human TFIIA was prepared as described. 68, 69 Native TFIID was puri®ed as described. 70 Brie¯y, HeLa cell nuclear extracts were fractionated by phosphocellulose chromatography, 71 and TFIID was immunopuri®ed using an a-hTAF II 130 monoclonal antibody and eluted with an epitope peptide. Poly(dI-dC) Ápoly(dI-dC) was purchased from Amersham Pharmacia. The RNA oligonucleotide consisting of 20 guanosine bases (rG-oligo) was purchased from Dharmacon Research.
In vitro transcription reactions
Transcription reactions were performed in buffer A containing 10 mM Tris-HCl (pH 7.9), 10 mM Hepes (pH 8.0), 10 % (v/v) glycerol, 1 mM DTT, 6 mM MgCl 2 , 50 mM KCl, 50 mg/ml of BSA, and 3.5 units of RNA Guard. Reactions contained the following amounts of transcription factors: 10 ng of TFIIB, 6 ng of TFIIF, 50 ng of RNA polymerase II, 15 ng of TFIIE-34, 6 ng of TFIIE-56, $14 ng of TFIIH, 3 ng of TFIID, and 20 ng of TFIIA. The DNA template (0.8 nM) for all experiments except that shown in Figures 1(c) and 8 was a blunt-ended 393 bp DNA fragment containing the IL-2 promoter (À326 to 45) excised from pBS-IL-2 as described above. Nucleotides were added to assays at ®nal concentrations of 625 mM ATP, 625 mM UTP, 25 mM [a- 
Rate constant calculations
The amount of full-length RNA produced per in vitro transcription reaction was quanti®ed using a Molecular Dynamics PhosphorImager. After subtracting background, PhosphorImager units (PI) from RNA at each time-point were plotted versus time (t). Data were ®t to the equation PI PI max (1 À e À kt ), to solve for PI max (the maximal PhosphorImager units) and k (the rate constant).
